Abstract-Dynamic off-body ultra wideband channels are examined by way of anechoic chamber measurements at a 3-5 GHz frequency band in frequency domain with a help of a fast sweeping vector network analyzer. Five antenna locations on the body are selected: right wrist, left wrist with an antenna on the palm or back side, left arm (AL) and left ankle (LA). The off body node is set at a pole (PO). Two in-house designed and manufactured prototype antennas, dipole and double loop, are used in cases with both similar and dissimilar antennas in a link. Depending on the case, the path loss (PL) ranges between 46.2-87.9 dB. The LA-PO has the highest and AL-PO the lowest average PLs. The PL amplitudes follow the inverse Gaussian distribution. Based on the level crossing rate the LA-PO has the deepest fading conditions and the AL-PO is the most stable link. The LA-PO has the largest average fade duration (AFD) at the thresholds below 0 dB. The AFD is larger on the average with the dipole than the double loop. The comparison of similar vs. dissimilar a n t e n n a p a i r s s h o w s n o m a j o r d i f f e r e n c e i n t h e performance.
I. INTRODUCTION
The technological advances in electronics, digital signal processing, computing efficiency and battery technologies together with efficient energy conservation and energy harvesting have enabled to implement an increasing number of intelligent devices with constantly decreasing sizes. The development has opened new application areas for different kinds of apparatuses, e.g, in the field of well-being, gaming and sports. Users can follow the effectiveness of their sport activities, their quality of sleep or overall daytime activity by using sensors, rings, glasses, jewelry or other types of w e a r a b l e s a t t a c h e d c l o s e t o t h e u s e r ' s b o d y . O n e research area gaining much attention nowadays are the wireless body area networks (WBANs) where such devices can be grouped together and connected wirelessly to an access point, e.g., a smart phone [1, 2] .
WBAN communication can be divided into three classes. The first class is the on-body communications, where the network sensors or nodes are attached on the body surface. The second class is the in-body communications where at least one node is located inside a body and it communicates with other nodes that are in or on the body. A node can also be located further away of the body in the surrounding space, i.e., off the body. The third WBAN class is thus this off-body communications where at least one device exists in the nearby surroundings of the body serving typically as an access point to, e.g., internet. The term "body" classically refers to a human body, but nowadays it is widened to cover also, e.g., bodies of a vehicle or even constructions of a building.
WBANs are extremely useful also in professional use, e.g., in the health care and nursing Instead of performing infrequent laboratory tests of a physiological body parameters, an on-or in-body sensor could be used to collect data more frequently, even continuously. As a result, the quality and effectiveness of the medical care will be improved. The utilization of WBANs release the resources of the medical staff and eases up their work as the lack of cabling increases mobility in hospitals and medical care units. Patients may live in their homes longer by remote monitoring their vital parameters regularly instead of being located into institutions for long terms, perhaps even permanently.
As the radio link distances in WBANs are typically short, one highly convenient solution to transfer the data is the ultra wideband (UWB) technology. UWB provides low transmission power, good positioning properties, high data rate, and low power consumption. It is robust against interference and multipath propagation issues. The transmitter and receiver structures can be designed to be simple therefore reducing costs and resulting a small physical size [3, 4] .
The implementation of UWB is supported by the IEEE802.15.6 [5] standard launched in 2012. The standard defines both narrowband and UWB waveforms to be used for the WBANs in off-body, on-body and inbody applications. In order to design systems operating properly, knowledge of the radio channels in the WBAN framework must be available. The radio channel is the element that transforms wireless network considerably more complex than the corresponding wired systems. Therefore the knowledge and models of the channels is 978-1-5386-3531-5/17/$31.00 ©2017 IEEE essential to define the signal coverage, system performance and parameters, as well as suitable modulation and receive algorithms and methods [6] .
Channel modeling for off-body WBANs has been done previously in narrowband cases by observing the fading in, e.g., [7] at 2.45 GHz and [8] at 5.8 GHz. Considering the UWB technology, in [9] both static and dynamic UWB channel characterization is done by using radio frequency tags in an office environment. In [10] , a vector network analyzer (VNA) is used for UWB channel measurements with a scenario where the test subject is stationary and the fading occurs due to pedestrians moving between the antennas. In [11] channels with the focus on antenna location effect in a static case are investigated The effect of human body shadowing on the UWB channels has been reported in [12, 13] .
This work is based on frequency domain measurements with a VNA in a 3-5 GHz frequency range. The focus is on the shadowing effect caused by the human body in UWB dynamic off-body channels. An anechoic chamber is deployed to exclude effects beyond the human body to the results. To the best of our knowledge, this has not been previously done with a VNA for a moving test subject and analyzing channel impulse responses considering only the human body shadowing effect. Similar kind of work was recently accepted for publication [14] in a dynamic on-body case. This article extends the results in [14] to the offbody situation. Two planar in-house designed and manufactured prototype antenna types are used, dipole and double loop. In addition to using similar antennas in a link, effects of dissimilar antennas in a link are also examined.
The structure of the rest of the article is organized as follows. In Section II the measurement setting, scenarios and measurement validation are described. Section III reports the data processing methods. Section IV contains the measurement results and in Section V conclusions and plans for the future work are given.
II. MEASUREMENTS

A. Settings and scenarios
The measurements were conducted in an anechoic chamber with a floor size of 245 cm by 365 cm. A male test subject in his late twenties was wearing normal cotton jeans and a T-shirt. Shoes and objects containing metal were removed.
A four port VNA (Rohde & Schwarz ZVA8) was placed outside the chamber. During one 54 seconds long me as u re me nt , t he V N A w as s w e e ping t he 3-5 G H z frequency band 500 times collecting 201 points in each sweep. The VNA sweep time was set to 28.944 ms, the intermediate frequency filter bandwidth to 1 MHz and the transmit power to +10 dBm. As four antennas were used in a measurement, sixteen scattering parameters were recorded.
The antennas were connected to the VNA with eight meter long armored cables (SUCOFLEX 104PEA). The detailed data regarding the dimensions, structures and performance of the planar prototype antennas are available [15] [16] [17] . Fig. 1 shows the selected six antenna locations for the measurements. The on-body sites are at the right wrist (RW) the left ankle (LA), the left wrist with an antenna at the palm side (LWA) or at the side of the back of the hand (LWB) and the left arm (AL). The antennas were separated from the body by using a piece of ROHACELL HF-31 with a thickness of 20 mm. The selection of the 20 mm space of is based on [15, 16] w h e r e i t w a s n o t e d t h a t t h i s s e p a r a t i o n i s a g o o d compromise providing both good antenna matching and channel path gain corresponding closely the free space performance of the antennas.
The off-body antenna was attached to a pole (PO) at a height of 2 m. The test subject was located at a 2 m distance from the antenna facing towards it. The measurements are divided in two cases: i) similar antennas and ii) dissimilar antennas. In case i), both antennas in a link are of a same type (dipole or double loop). They are used at locations RW, LA, LWA and PO. In case ii), the antennas are of a different type. This setting is use at the spots AL, LWB and PO. Case ii) gives interesting information of situations with dissimilar antennas between the user nodes and an access point off the body as may be the case in real life solutions. Case i) was measured two and case ii) four times. Due to practical implementation of the case ii) measurement, additional data to the case i) was produced as well. As a result, links RW-PO and LWA-PO consist of 2000 recorded frequency sweeps and LA-PO, LWB-PO and AL-PO 4000 sweeps.
During the measurements, the test subject walked at place by taking approx. 0.7 steps in a second. The movement models a walking of elder persons. It can simulate also, e.g., a walk of any individual under a rehabilitation process after an accident or a surgical operation performed in a rehabilitation center. In [18] , sensor locations at the distal parts of the limbs are proposed to be suitable spots for accelerometers to monitor persons suffering from the Parkinson's disease. Therefore locations in Fig. 1 will serve also this scenario.
B. Measurement validation
The validity of the measurement method is justified as follows. The widest trajectory of an antenna is limited to 25 cm resulting to a maximum velocity vector of 0.175 m/s. This is also the maximum relative speed difference in a link. The corresponding Doppler frequency can be solved with fd = v/λ, where v is the relative velocity and is the λ wavelength [19] . Thus fd = 1.75 Hz and 2.9 Hz at the frequencies of 3 GHz and 5 GHz, respectively.
Several definitions for the channel coherence time are to found, e.g., in [19] . The strictest condition for it in [19] can be solved from the Doppler frequency as
As a result, the coherence time is T0 = 102.3 ms (at 3 GHz) and 61.7 ms (at 5 GHz). Thus T0 remains higher than the VNA sweep time value of 28.944 ms at the entire measurement bandwidth fulfilling the validity demand of unchanged channel conditions during a single VNA sweep.
III. DATA PROCESSING
The results are based on the time domain channel impulse responses (CIRs). The CIRs are obtained by applying the inverse fast Fourier transform (IFFT) algorithm to the frequency domain measurement data. The complex baseband method [20] is used and therefore the CIRs are complex valued. The absolute values of the CIRs are utilized to obtain the results. The CIR approach was utilized since the focus in the analysis is on the first arriving paths (FAPs) since in an anechoic chamber the largest energy lies in the first tap of the CIR. This analysis can be done in time domain only. The CIR approach itself is useful also since the results from it can be used in, e.g., RAKE receivers. With the CIRs, the dynamic range of the results is f u r t he r i m p ro v e d a s d u e t o t he n a t u re o f t he I F F T algorithm it averages the noise level. This causes the noise levels to be considerably lower with the CIRs when compared to the original frequency domain data.
One drawback is that in very echoic surroundings, the number of taps may increase to a high value making the corresponding channel model improper for practical use. The threshold setting for selecting the considerable CIR taps must be done carefully.
No windowing functions are used in the IFFT. If windowing would have been applied, a lower noise level of a CIR would have been noticed compared to a no windowing case. At the same time, the mainlobe of the windowing function widens the CIR responses in the time domain. As a result, it decreases the resolution between the consecutive taps in the CIR. Thus the windowing reduces the resolution compared to the nowindowing case. Another problem of using the windowing is that it loses part of the signal power, amount of which depends on the shape of the channel frequency domain response, S21 and the shape of the frequency domain windowing function. This
IV. RESULTS
A. Path Loss
For the path loss (PL) information, FAPs are utilized. A FAP is defined as the first PL value of a CIR at that time instant when the CIR slope changes from positive to negative. The FAP value is demanded to exceed the mean of the first 30 linearly valued samples by 6 dB to avoid examining noise samples. The FAP values were not normalized to avoid the loss of the actual path loss information. The numerical values derived from the FAP PLs are listed in Table I for each link and antenna type separately. Also the combined results, where the link data are merged, are listed. The average PL, μPL, in dB is solved from the linear valued CIRs. It has values between 51.3-71.2 dB, 57.6-67.2 dB and 51.1-54.3 dB in the dipole, double loop and dissimilar antenna cases respectively. The link LA-PO has the highest and the link AL-PO the lowest PL. The double loop has a higher PL in three out of four cases compared to the dipole. The dissimilar antenna result verifies the observation in Fig. 2 that the usage of dissimilar antennas in a link does not have a crucial effect on the link performance. The standard deviation σPL, extracted from the decibel valued PLs, has the lowest value in the dissimilar antenna links The linear valued FAP PLs are fitted to the beta, Birnbaum-Saunders, exponential, extreme value, gamma, generalized extreme value, generalized Pareto, inverse Gaussian, logistic, log-logistic, lognormal, Nakagami, normal, Rayleigh, Rician, t location-scale and Weibull distributions. Quite often in the literature the selection of test distributions is limited to a maximum of 3-6 distributions that are often very alike, e.g., lognormal, Weibull, Rayleigh, Rice. By these distributions, the physical phenomena of the measurement scenario are applied to explain the results. We decided not to set limitations but to use an approach to select as wide selection of distributions that could relatively easily be available for our data analysis software. Thus, our selection of distributions is a deliberate choice after careful consideration.
The distributions are ranked according to the second order Akaike information criterion (AICc) which is an extension of the classical Akaike information criterion (AIC) [21] . The AICc can be stated as [18] ∋( ∋ (
where log(•) is the natural logarithm, L(θ') i s t h e likelihood function of the estimated parameters θ', K is the number of estimable parameters in a distribution and n is the number of samples. The best fit is obtained for the distribution that results the lowest AICc value. AIC is quite often used test method in many articles. It is also recommended in, e.g., [21, 22] . A drawback of AIC and AICc is that the distribution selected by AICc does not necessarily mean the distribution to present a good fit. Their results are also not comparable between different test data sets. It, however, always tells which distribution is the best among the tested ones. Another quite often used method to evaluate the goodness of a distribution model is the Kolmogorov-Smirnov test, sometimes also the Chi square test [22] . One drawback with them is that they must be given parameters beforehand based on what they decide of the goodness or the badness of the fit. With improper parameter selection, they may either discard models that are accurate or pass such models that are imprecise. The lowest AICc value, and thus the best fit, was obtained by the inverse Gaussian distribution with the probability density function (PDF) [23] ,
where α > 0 and β > 0 are the mean and shape parameters. As mentioned before, with a limited amount of test distributions a physical explanation for a distribution is given in the articles in the field. They are available for Rice-Rayleigh and Nakagami distributions in [24] for narrowband signals. For log-normal distribution the physical explanation seems not to be as clearly to be found [25] but has been proposed even in an UWB case [26] . But for the Weibull distribution the physical explanation is difficult to find [25] .
Similarly, as the number of test distributions is growing, it will be quite a difficult task to find an understandable physical explanation fitting to every separate distribution, maybe even impossible. This may be the case also with the inverse Gaussian distribution. The numerical values of the distribution parameters for different cases are gathered in Table II . Fig. 3 presents, as an example, the empirical probability density functions (PDFs) together with the modeled PDFs based on the parameters in Table II for the double loop antenna case. It can be noted that the model for the RW-PO link is very accurate, as is the case with the L W A -P O l i n k . W i t h L A -P O , t h e i n v e r s e G a u s s i a n distribution produces a model compromising the two distinct peaks in the empirical PDF.
The LA-PO channel is shadowed strongly by the human body. In addition, the data in constructed of two separate antenna installations resulting different average PLs as noted in Fig. 2 . The two PDF peaks in Fig. 3 are e xpl ai ne d by this p he no me no n as w e ll . A s a f ut u re work, it would be interesting to investigate the modeling of the more complex channels, as LA-PO, with, e.g., composite models as reported in [8] .
B. Level Crossing Rate and Average Fade Duration
The level crossing rate (LCR) and average fade duration (AFD) are often reported parameters to describe the behavior of a fading signal. The LCR measures the number of threshold crossing with positive slope in a unit time. The AFD describes the average time that the signal remains under a certain threshold level, i.e., how long it is in a fade [19] . Table III collects LCR values for different cases. The range of ρ with non-zero LCR values is in practice equal between the dipole and double loop. The LCR values are higher for the dipole in LA-PO compared to the double loop. With the LWA-PO the opposite is true. This is most probably due to differences in the radiation patterns of the antennas and also due to the PL sensitivity to the exact on-body antenna location as noted from Table IV presents numerical AFD data for the different cases. Comparison of ρ with of non-zero AFD values of the dipole and double loop reveals no considerable difference. A linkby-link comparison shows higher AFDs for the dipole in 13 cases and 4 cases for the double loop. Therefore, FAPs stay in a fade longer on the average for the dipole compared to the double loop. The dissimilar antenna case has again no clear difference when it is compared to the similar antenna case. This is a positive result since no guarantee can be given in real life for antenna pairs in an off-off-body link to be similar.
V. CONCLUSIONS AND FUTURE WORK
Human body shadowing effects on dynamic offbody channels are considered. Measurements at 3-5 GHz frequency band are conducted with a VNA. An anechoic chamber is used to limit the examination on The LA-PO has the highest AFD at ρ[dB] < 0 dB and it also extends to the largest range of ρ expressing the largest fading problem in the links. The AFDs are on the average higher for the dipole compared to the double loop.
For the future work, it would be interesting to extend the research into an adoption of composite or mixture models. Additional measurements with increased mobility of the test subject and in environments beyond the anechoic chamber are needed.
